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Abstract

Wind turbine (WT) gearbox damage negatively impact the levelized cost of energy due to the costs for maintenance and
repair. In 70% of the cases, rolling bearing damage are the cause of WT gearbox failures. Rolling bearings often fail far
before their designed service life. Especially the bearings on the high-speed-shaft (HSS) of the WT gearbox are prone
to failure. One driver for bearing damage are critical loads that are not sufficiently included in the design process yet,
e.g. loads resulting from grid faults. Grid faults induce significant generator torque excitations in doubly-fed induction
generator wind turbines which lead to transient changes in the loading and rotational speed of the gearbox bearings.
Typically, cylindrical roller bearings (CRB) and tapered roller bearings (TRB) are used on the HSS. For CRBs, it was
already shown in previous publications that the smearing risk is significantly increased in the event of grid faults. For
TRBs, there is no such investigation yet. TRBs are often used as the fixed bearing in an adjusted bearing arrangement on
the HSS. The preloading of the arrangement significantly influences the bearing kinematics and the risk of damage. Thus,
this paper investigates the smearing risk for TRBs in WT gearboxes during grid faults, considering different preloads of the
bearings. It is shown that the smearing risk for the TRBs on the HSS of a research nacelle during grid faults is 72% higher
than during rated operation for the reference preload distance of Oum. Increasing the preload distance to 370 um leads
to a significant decrease in the smearing risk by 55% for the rated operation and by 86% during the grid fault compared
to the reference. However, increasing the preload also increases the fatigue loads and thus decreases the fatigue lifetime.
Consequently, there has to be a multifactorial design optimization of the TRB arrangement and the different damage criteria
to derive the optimal preload.

Abbreviations Formulas
CRB Cylindrical roller bearing 0 [um] Axial clearance
FPI Frictional power intensity Au [m/s] Relative speed of contact partners
GS Generator-side p -] Friction coefficient
HSS High-speed-shaft A [m?] Contact area
LaMBDA  Lager Mehrkorper Berechnung und Dynamik  a [m] Semi-axes of ellipse
Analyse b [m] Semi-axes of ellipse
LCOE Levelized cost of electricity Fx [N] Normal force in contact
MBS Multibody simulation Fraa [N] Radial force
RS Rotor-side Fr [N] Tangential force in contact
TRB Tapered roller bearing ni [rad/s]  Inner ring speed
WT Wind turbine nwk kin [rad/s] Kinematic roller element speed
P [W] Power
p [Pa] Contact pressure
Piimic [Pa] Maximum fatigue pressure
t [s] Time
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Quantifizierung des Risikos gegeniiber Anschmierung bei Kegelrollenlagern in Getrieben von
Windenergieanlagen bei Netzfehler

Zusammenfassung

Getriebeschidden bei Windenergieanlagen (WEA) fithren aufgrund der Wartungs- und Reparaturkosten zu hoheren Stromge-
stehungskosten. In 70 % der Fille sind friihzeitige Ausfille der Wilzlager, insbesondere auf der High-Speed-Shaft (HSS),
Ursache fiir diese Schidden. Eine Ursache fiir diese Ausfille sind kritische Lasten z.B. durch Netzfehler, die bei der
Auslegung nicht ausreichend beriicksichtigt werden. Netzfehler induzieren in WEA mit doppelt gespeistem Asynchronge-
nerator grole Drehmomentschwankungen, die zu dynamischen Lasten und Geschwindigkeiten der Wilzlager fiihren. In
der Regel werden Zylinderrollenlager und Kegelrollenlager (TRB, engl.:“tapered roller bearing®) auf der HSS eingesetzt.
Fiir Zylinderrollenlager wurde bereits in friiheren Verdffentlichungen gezeigt, dass das Risiko gegeniiber Anschmierung
bei Netzfehler erhoht ist. Fiir TRB liegen keine Untersuchungen vor. TRBs werden hiufig als angestellte Festlager auf
der HSS eingesetzt. Die Vorspannung der Lagerstelle hat groen Einfluss auf die Lagerdynamik. Daher wird in dieser
Veroffentlichung unter Beriicksichtigung der Vorspannung das Risiko gegeniiber Anschmierung fiir TRB in WEA-Getrie-
ben bei Netzfehler untersucht. Es wird gezeigt, dass das Risiko gegeniiber Anschmierung von TRBs auf der HSS einer
Forschungsgondel bei Netzfehler um 72 % hoher ist als im Nennbetrieb. Eine Erhohung des Vorspannweges auf 370 um
fiihrt zu einer Verringerung des Risikos um 55 % wihrend des Nennbetriebs und um 86 % wihrend des Netzfehlers. Die
Erhohung der Vorspannung fiihrt jedoch zu erhéhten Ermiidungslasten und damit zu einer Verringerung der Ermiidungs-
lebensdauer. Folglich ist eine multifaktorielle Designoptimierung der Lagerstelle unter Beriicksichtigung verschiedener

Schadenskriterien erforderlich, um die optimale Vorspannung zu ermitteln.

1 Motivation

Wind energy is a key driver in the development of a climate-
neutral energy supply. In order to further increase the share
of wind energy, a reduction of the levelized cost of elec-
tricity (LCOE) is necessary [1]. The LCOE is negatively
affected by failures and downtimes of WTs. The longest
downtimes are caused by gearbox damage [2]. One of the
most frequently failing components of WT gearboxes are
the rolling bearings of the HSS. High speeds in combination
with dynamic loads result in bearing dynamics that make
the rolling bearings prone to slip-induced damage such as
smearing [3]. Smearing is based on adhesive wear which is
caused by high pressure and high slip. High pressure and
slip are induced, among others, by generator torque exci-
tations. Torque excitations in the generator can be caused
by electrical faults such as grid faults [4]. The torque exci-
tations cause the gear forces to fluctuate, which can result
in high pressures and high slippage in the bearings [5].
Typically, CRBs and TRBs are used on the HSS. Previous
studies showed that the risk of damage for CRBs increases
during grid faults [6]. For TRBs there has not been such
an investigation yet. Therefore, this paper quantifies the
risk of smearing for TRBs on the HSS of a WT gearbox
during grid faults. Slip in TRBs can be counteracted by
preloading. Conversely, adjusting the preload significantly
influences the rolling bearing dynamics and performance.

@ Springer

2 Influence of preload on bearing dynamics

Smearing is adhesive wear and leads to premature bearing
failure. High pressure and sliding of the contact surfaces
lead to a high energy input into the surfaces (see Eq. 1),
which results in material transfer and structural alterations
[7]. High pressure combined with sliding of the rolling ele-
ments can be particularly prevalent in the acceleration zone
of the rolling bearing [8]. Figure 1 shows the different zones
of a rolling bearing and the corresponding rolling element
speeds. Due to insufficient contact with the raceway in the
deceleration zone as a result of too low loading outside the
load zone, the rolling elements are slowed down by the fric-
tional forces. When re-entering the load zone, the rolling
elements pass through the acceleration zone, where there is
still high slip while the pressure increases rapidly.

The deceleration zone can be minimized or completely
avoided by a wider load zone [10]. For this purpose, TRBs
can be preloaded, which generates a load component in ax-
ial and radial direction and ensures sufficient minimum load
on the roller elements. Preload can be achieved by axially
displacing the inner ring against the outer ring. Figure 2
shows the influence of the preload on the bearing load dis-
tribution. With a constant radial load F..q, the width of the
load zone increases with increasing preload until a 360°
load zone prevails.

However, preload also affects the bearings overall behav-
ior (e.g. lifetime). The influence is illustrated qualitatively
in Fig. 3. The increased pressure due to the preload re-
sults in an increased frictional torque. Furthermore, preload
increases the resulting bearing load during operation and
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Fig. 1 Speed zones in rolling
bearings. (According to [9])

Fig.2 Influence of axial preload
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Fig.3 Influence of preload on bearing dynamics and lifetime. (Ac-
cording to [12])

thus may reduce the service life. It is therefore essential to
identify the optimal preload, which must balance the stated
effects.

3 Approach

In this simulative investigation, the influence of grid faults
on the smearing risk for TRBs on the HSS of a WT gear-
box is determined. A validated multibody simulation (MBS)
model of a 2.75MW research nacelle is used for this pur-
pose [13, 14]. The gearbox (see Fig. 4) is modeled using
a flexible housing, flexible shafts, gear wheels including
their microgeometry (e.g. tooth flank modifications) and
bearings as spring-damper elements with stiffness curves
provided by the bearing manufacturer.

The behaviour of the drivetrain in the event of a grid
fault was investigated in detail in previous studies [6, 15].
This involved performing extended co-simulations of the
mechanical (drivetrain) and electrical (generator, power
converter, transformer, grid) domain. The resulting torque
curves for the drive and generator shafts are used as input
for the analysis in this paper.

In order to quantify the influence of the preload on the
smearing risk, the axial bearing clearance of the TRBs is
varied. The parameter range includes values from positive
axial clearance to negative axial clearance, which results in
preload. To calculate the risk of smearing damage different
energetic values are available, e.g. the frictional power in-
tensity (FPI), which is an indicator for the power P that is
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Bearing RS Bearing GS

Gear stage

Rotor-side Generator-side

Fig.4 MBS model of gearbox with detailed bearing models

introduced in the contact area A [8]. In this study, the FPI
according to Eq. 1 is used.

FPI = (5) =max (0.5 & () * Pmax(r) - Au (1)) (1)

The FPI is calculated using the coefficient of friction yu,
the maximum pressure pmax and the relative speed of the
contact partners Au. To calculate these influencing factors,
detailed contact models are necessary. Therefore, the gear-
box model is extended with the bearing model LaMBDA at
the investigated tapered roller bearings [16]. The geometry
of the bearing as well as the lubricant properties are defined
in Table 1.

It was shown in previous publications that LaMBDA can
be used to calculate the risk of smearing damage [17]. The

Table 1 Bearing and lubrication data

Parameter Value
Outer diameter 320mm
Outer ring width 71 mm
Inner diameter 180mm
Inner ring width 86 mm
Contact angle 15.699°
Roller element diameter 35mm
Roller element width 74.9mm
Roller element angle 4.339°
Number of roller elements 21

Oil viscosity class ISO VG 320
Oil density 0.923 g/ml
Kinematic viscosity at 40 °C 317.57cSt
Kinematic viscosity at 100 °C 36.44cSt

@ Springer

contact calculation between rolling elements and rings is
based on a discretized contact model in which the contact
is divided into slices. It is based on the force-deformation
relationship according to Tripp [18] and was extended by
Teutsch to consider the mutual influence of the individ-
ual discs [19]. Each disc of rolling elements and rings is
assigned a radius corresponding to the respective profile re-
traction [19]. Thus, the exact micro-geometry, in this case
rollers and raceway profiling, can be considered. This is
important for the pressure calculation, as the profiling is
intended to reduce excessive pressure under unfavorable
load situations, such as strong angular misalignments due
to strong shaft deflection. With the contact normal force Fy
per disc, which is calculated directly from the force-defor-
mation relationship described, the pressure p is calculated
using the following relationship in Eq. 2 with a and b be-
ing the semi-axes of an ellipse, which forms in the profiled
contact between rolling elements and raceways.

pi=_—— (2)

The relative speed Au is calculated for each contact and
each disc according to Eq. 3. It is specified as the magni-
tude of the relative velocity vector at the contact point. The
calculation is based on the difference between the velocities
of the two bodies, rolling element and ring, projected onto
the contact point.

Au= ivrel,- | = |Vtmns,RB,- + Vrot,RB; — Virans,R; — Vrot.R; i 3)

Virans.R p; 1s the speed component from translational speed
of rolling element at contact point, V,, g, from rotational
speed of rolling element at contact point, Vg, g; from trans-
lational speed of ring at contact point and V,,,. r; from ro-
tational speed of ring at contact point.

The acceleration of the rolling elements at the beginning
of the load zone and the deceleration outside the load zone
depends heavily on the frictional losses. Therefore, the rel-
ative speed in contact Au, can only be calculated reliably,
if all frictional effects in the bearing are considered [20].
LaMBDA was validated against frictional torque measure-
ments in several studies [16, 21, 22].

The friction coefficient u of each contact point is deter-
mined according to Eq. 4 as the quotient of the tangential
force in the contact Fr, which is the sum of all friction com-
ponents acting at the contact point or, in other words, the
sum of the traction forces, and the contact normal force Fx.

o Fr
i Fr:

“)
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4 Results

In this section the simulation results are presented. First,
the influence of grid faults on the smearing risk is dis-
cussed. Subsequently, the influence of bearing preload on
the smearing risk in the event of a grid fault is quantified.

4.1 Smearingrisk at grid faults

In order to evaluate the influence of grid faults on the smear-
ing risk, the drive and generator torque curves during a grid
fault measured in an experiment are used as an excitation
for the simulative investigation in this paper. Figure 5 visu-
alizes the two torque curves and the speed of the HSS. The
data were normalized to the rated torque.

Initially, the drivetrain is accelerated to its rated speed us-
ing the rated drive torque. At t=1.35s, the generator torque
is applied to the drivetrain. From this point onwards, the
system is in rated operation. The grid fault occurs at t=
2s. The generator torque rises abruptly to 2.15 times the
rated torque and immediately begins to fluctuate. A linear
reduction in drive torque is initiated 100 ms later, to account
for the latency of the control and the pitch mechanism of
WT in the field. During the grid fault, the speed of the
HSS increases from 1100rpm to a maximum of 1400 rpm.
Given the high speed and the lower, oscillating load on the
bearing, this condition is particularly critical for slippage in
the bearings. From t=2.5s, the generator torque returns to
a stable state, and from t=3s, the drive torque is increased
to the rated torque. The system resumes rated operation
after t=4s.

The influence of the grid fault on the smearing risk is il-
lustrated in Fig. 6, which shows the maximum pressure pmax,
the maximum sliding speed Au and the resulting maximum
FPL.

The results are presented for the rotor-side TRB RS and
the generator-side TRB GS, as they show different bearing
dynamics due to the external forces. In each case, the values
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Fig.5 Torque curves of the drive train (fop) and HSS speed (bottom)
during grid fault

of one rolling element are evaluated. The axial clearance is
set to the reference value of d=0pum. The key values of the
simulation are presented in the following Table 2.

In rated operation, the maximum pressure is comparable
for both bearings, but the sliding speed is greatly reduced
for bearing GS, which is subjected to higher loads. This
results in a lower FPI for bearing GS. The FPI increases
significantly for both bearings in the event of a grid fault.
The increase is primarily due to the elevated sliding speed,
which has increased by 126% for bearing GS. Despite the
slight reduction in the maximum pressure, there is therefore

Fig.6 Bearing dynamics and a b
FPI during grid fault g 2000 g 2000
1 LAUARARARARR AR ™ MWMWWWM
s T T e .
Time [s] ’ Tim3e [s] ! : ’
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Table2 Comparison of FPI for
both bearings during grid faults

Parameter Bearing RS Bearing GS
Max. pressure, rated operation pimax,ro 962 MPa 997 MPa
Max. pressure, grid fault puax,gf 959 MPa 990 MPa
Max. sliding speed, rated operation Au,, 2.41m/s 1.44m/s
Max. sliding speed, grid fault Au, 3.20m/s 3.25m/s

Max. FPI, rated operation FPI,,
Max. FPI, grid fault FPIyf

8.15- 10 W/m?
14.05- 10 W/m?

5.74- 10°W/m?
13.92- 10 W/m?

a significant increase in the FPI of 72% for bearing RS and
143% for bearing GS during the grid fault.

4.2 Influence of preload on smearing risk at grid
faults

The following section discusses the influence of preload on
the smearing risk of the TRBs in the event of grid faults.
Figure 7 shows the resulting bearing dynamics and FPI for
two different cases preloading cases. In the first case, an
axial bearing clearance of 6=200um was applied, while in
the second case, a negative axial bearing clearance of 8=
—200um was applied, resulting in preloading of the bear-
ing. Typically, TRBs are operated with preload, however,
thermal expansion and wear can cause the loss of preload
or even axial clearance in the bearing arrangement [23, 24].

— —— Oaxiat =200 pm —— Ggxiqt = —200 pm
[0
& 2000 : : : : .
2. 1000 EAROORRRRARRAN AN ORRRRRRARAAAARN
x
© 0 1 1 1 1 1
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Fig. 7 Influence of preload on bearing dynamics and FPI during grid
fault

Consequently, both the preload and the axial clearance are
subject to analysis. In both cases, the TRB on the generator
side is analyzed.

In rated operation, the preloaded bearing has a lower
FPI, despite the higher maximum pressure. This is due to
the lower sliding speed resulting from a wider load zone.
During the grid fault, the FPI for the preloaded bearing re-
mains almost constant. In comparison, the bearing with ax-
ial clearance exhibits a significant rise in FPI of 56%. This
results from the elevated sliding speed, which is caused by
the increased HSS speed and dynamic bearing loads result-
ing from the torque excitations. Since the changed kinemat-
ics in the bearing are the main driver for the FPI increase,
it is crucial to analyze the sliding speed. Further Fig. 8 il-
lustrates the maximum resulting sliding speed as a function
of the axial clearance and preload for both bearings.

As expected, a reduction in the sliding speed can be
observed with increasing preload. A prominent character-
istic of bearing RS is the rise in sliding speed at an axial
clearance of 8> 150 um. From this point onwards, the slid-
ing speed increases to a Au=14.35m/s and remains almost
constant even if the axial clearance is increased further.
At this point, the rolling elements have almost no contact
with the raceway. As a result, the rolling elements are no
longer properly accelerated, which leads to very high slid-
ing speeds. This behaviour can be further examined looking
at the load distribution of the two bearings for varying axial
clearances (see Fig. 9).

Fig.8 Influence of axial preload 15 T T

and clearance on sliding speed —+—Au

Aumax,gridjault,RS

—+—Au

Aumax,1;rid7f‘21ult,GS
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Sliding speed [m/s]
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Fig.9 Influence of axial preload
and clearance on load distribu-
tion
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The load distribution of the rotor-side bearing RS be-
comes increasingly uneven with increasing axial clearance.
Also, the load distribution zone becomes smaller. A de-
crease in the maximum pressure is also observed in the gen-
erator-side bearing GS. However, a continuous load zone
persists for bearing GS due to external forces.

The maximum pressure has a relatively minor impact
on the FPI. Figure 10 illustrates the maximum pressure as

-200

-100 0 100 200 300 400
Axial clearance [um]

a function of the axial clearance for both bearings. For an
axial clearance of 8 <Qum, resulting in preload, the maxi-
mum pressure is observed to be almost the same for both
bearings. As the axial clearance increases, the maximum
pressure goes down to pmax =994 MPa for bearing GS, while
the maximum pressure for bearing RS decreases t0 pmax=
371 MPa.
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Fig. 12 Influence of axial A
preload and clearance on FPI
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In general, an increase in preload results in a reduction in
the FPI. Figure 11 illustrates the impact of axial clearance
on the FPI.

The lowest FPI is achieved with an axial clearance of
0=-370 um. However, at this point the fatigue limit pres-
sure of the bearings is clearly exceeded (see Fig. 10). The
limiting pressure is exceeded at a preload of d>-160um.
Considering the limiting pressure, the lowest FPI, for both
rated operation and grid faults for bearing RS and GS, is
achieved at an axial clearance of 6=-150um.

5 Conclusion

Rolling bearings in WT gearboxes often fail prematurely,
causing downtime of the WTs. Especially the bearings on
the HSS of the WT gearbox are prone to failure [2]. Critical
conditions within the HSS bearings may result from signif-
icant torque excitations, which make the bearings prone to
slip-induced damage, such as smearing [3]. Torque excita-
tions are induced, among other things, by grid faults [4].
Therefore, in this paper the smearing risk during grid faults
was examined simulatively for the TRBs on the HSS. In
addition, the influence of preload on the smearing risk was
quantified. For this purpose, a detailed model of the TRBs
was integrated into the MBS model of a 2.75 MW research
nacelle.

Subsequently, the smearing risk was evaluated using the
FPI. It was shown that at a reference axial clearance of 6=
Oum, the FPI increases by 72% for the rotor-side bearing
and by 143% for the generator-side bearing in the event of
a grid fault compared to rated operation. This is due to the
high sliding speeds within the TRBs. Therefore, an increase
in smearing risk is expected.

The sliding speeds can be reduced by increasing the
preload to a reliable extent. The lowest FPI is achieved with
an axial clearance of 8=-370um with almost no increase
during the grid fault. However, at this point, the fatigue life-
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I
Axial preload | Axial clearance

time of the bearings decreases significantly due to the high
pressures resulting from the preload. Conversely, operating
the TRBs with axial clearance, which may be caused by
thermal expansion or wear, results in an increase in sliding
speed.

Consequently, there has to be a multifactorial design op-
timization of the TRB arrangement and the different dam-
age criteria to derive the optimal preload. The influence of
the axial clearance and the conflict of objectives is shown
qualitatively in Fig. 12. The optimal design is a trade-off
between high fatigue lifetime and low FPI (area between
high fatigue stress and O axial clearance).
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